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ABSTRACT OF THE THESIS 

Identification Inhibitors on DAPK2 and ELMO1-DOCK2 Complex via Virtual Screening 

by 

Meixin Wu 

Master of Science in Chemistry 

University of California, San Diego 2016 

Professor Wei Wang, Chair 

 Death associated protein kinase 2 (DAPK2) is a serine threonine kinase with 370 

amino acid residues, whose structure is highly conserved with the other members in the 

death associated protein kinase (DAPK) family. To find out the inhibitors with high 

specificity to DAPK2, structural based virtual screening was carried out. According to the 

results of docking, ligand clustering, MM/GBSA analysis and position of ligands in the 

DAPK2 binding pocket, it can be concluded that DA7, whose binding affinity and

MM/GBSA score are -11.7 Kcal/mol and -47.5 Kcal/mol respectively, is the most ideal 

candidate so far for DAPK2. 

 Engulfment and cell motility 1 protein (ELMO1) is a human protein regulated by 



 

 
 

xii

ELMO1 gene, with 720 residues in total, which is critical in clearing the apoptotic germ 

cells in vivo.  Dedicator of cytokinesis 2 (DOCK2) is a guanine nucleotide exchange 

factor with a mass of 213 kDa, which is responsible for the activation of the chemotaxis 

process. DOCK2 and ELMO1 form a large, rigid complex via the SH3 domain at 

DOCK2 or the formation of the five-bundle helices by ELMO1 and DOCK2. To identify 

the potent inhibitors that interrupt the formation of the ELMO1-DOCK2 complex, both 

structural- and ligand- based virtual screening were carried out at the two potential 

pockets: one is located at the SH3 domain of DOCK2 and the other is located between 

the 5-helix bundles. From the docking results, ZINC22013692 and ZINC48368120 were 

candidates with the highest binding affinity for the pocket at the SH3 domain and 5-helix 

bundles respectively.
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Chapter 1 Introduction 

I. Virtual Screening 

1. General Background 

 
 Virtual screening provides a powerful tool to identify potential drug candidates 

with manageable size in a low cost and time-efficient way. [1][2] Depending on the level of 

receptor information used in the calculation, virtual screening methods can be divided 

into ligand-based and structure-based methods. [3][4] Ligand-based methods focus on the 

usage of small molecules alignment between a large database and the reference structure, 

while structure-based approach imitates the binding activity between ligand and the target 

receptor based on their 3D information. [4]  

2. Ligand-Based Method 

 
 Ligand-based virtual screening is a ligand search method aiming at finding 

molecules highly similar to the known receptor-binding ligands by assuming that similar 

compounds could have similar or better binding affinity to the receptor. [4] A database 

search is usually performed to find potential compounds using certain pre-defined 

similarity metric. These metric usually consider the similarity between the structure of 

the two molecules, such as the two dimensional sub-structural similarity or the three-

dimensional pharmacophore model.  [4][5] 

 There are at least three types of ligand-based screening methods: small molecule 

alignment, pharmacophore-based and descriptor-based. These methods use different 
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algorithms such as structure, individual fragments or electrical properties of the reference 

molecule to generate ligand candidates, and then the candidates were ranked based on 

how similar they are to the reference molecule. 

 Several methods use the sub-structure alignment to measure the similarity 

between molecules [6]- [10], such as Flexs, GASP (Genetic Algorithm Similarity Program), 

MEP (Molecular Electrostatic Potential), MIMIC, and fFlash. The primary difference 

between these methods is whether the flexibility is considered on the ligands. In Flexs, 

the conformation of query molecule is fixed and the ligands in the database are in flexible 

state. GASP allows flexibility on both query and database ligands. MEP uses both sub-

structure alignment and molecular field comparison to evaluate the similarity between 

ligands. The flexibility is considered on both query and database ligands by the genetic 

algorithm to get the optimal alignment. Only after getting the optimal alignment, the 

molecular electrostatics fields of the two molecules are compared for the similarity. Both 

MIMIC and fFlash use the molecular field concept similar to MEP, but these two 

methods only allow the database ligands to undergo any conformational change.  

 Another group of methods use various descriptors to characterize the molecular 

properties of the ligands. The simplest descriptor contains the one dimension information 

for the ligand, such as molecular weight, molar refractivity, and log P [4] [11]. More 

sophisticated descriptors use the vector of binary or continuous values, to describe the 

molecular property. Among such methods, MACCS keys [13]- [14], Pubchem fingerprints 

[15], and sub-structure fingerprint [12] use Boolean value to describe the substructure of the 

molecule; Daylight [16] and UNITY [12] use hash-based fingerprints to describe the atomic 

connection of the molecule; Volsurf [17] evaluate the molecular field of the molecule 



 

  

3

using real values; MTree [18] and NIPALSTREE [19] use the more complicated tree-type 

data structure to better describe the molecule.   

 Another worth-mentioned method is the pharmacophoric model. Programs like 

ALMOND [20] provide information such as the internal geometric relationship between 

the ligand and the receptor and the pharmaco-dynamic properties of the ligand-receptor 

complex. [4] Other pharmacophoric software are designed based on different principles, 

which can be the properties of the location for the specific substructure of the molecule, 

point comparison, and rigid body molecular superposition. [21]- [25] 

3. Structure-Based Method 

 
 In structural-based approach, there are generally four steps for the ligand 

candidate search: the identification of the binding pocket on the target receptor, the 

preparation of the ligand database, running the virtual screening process using docking 

software, and rank the docking results by scoring function. Unlike ligand-based screening, 

which relies on the similarity of the ligand candidates to the referenced molecule, the 

ligand candidates was docked into the target receptor and the ligand was ranked based on 

the binding affinity of the candidates to the receptor.  Docking is a process that combines 

the receptor and the ligand into a complex at the target site of the receptor. [1][3][4] In 

general, the docking method is consisting of two steps: searching and scoring.   

3a. Searching Methods 

 

 The searching of the conformational space usually uses stochastic algorithms like 

Monte Carlo, simulated annealing and genetic algorithm are used to optimize the small 

molecule conformation in the pre-defined binding pocket.  [4] [12] [26] In Monte Carlo 
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algorithm, the conformation of each ligand is assessed based on Boltzmann probability. 

[27] [28] [29] At a given temperature, a certain amount of random conformations were 

produced and arranged in a Markov chain, meaning that the evaluation of the current 

conformation only depends on its previous one. [1] [28] [29] To determine which 

confirmation should be retained, Monte Carlo algorithm uses Metropolis criterion: If the 

new conformation have a better score than the previous one, then it is accepted; otherwise 

the acceptance probability is related to the “temperature” of the system. [1][4] [28] [29] 

Another widely used algorithm in conformational search is genetic algorithm, adapted 

from the theory of evolution that mimics the process of biological competition. [1][4] [30] In 

the genetic algorithm, the parameters are packed stochastically in a “chromosome”, 

which produce solutions to the research problem and are assessed by the fitness function. 

[1] [32] “Chromosomes” that yield the best solutions will be crossover and mutated similar 

to genetic recombination and mutation to produce the next generation. [1][4] In terms of 

docking, the values representing the mass center coordinate, the relative orientations to 

the receptor, and the sub-structures of the ligand are defined as the ligand’s state variable 

and packed into the “chromosome”. [1] [4] During the searching, chromosomes carrying the 

state variables of the top ligand candidates are crossovered and mutated. [1] The binding 

conformation with the best score throughout the GA search is output as the final docking 

result. The docking applications using the genetic algorithm include DOCK, Autodock 

and Darwin [30].   

 Lamarckian genetic algorithm is a modified genetic algorithm designed based on 

the principle of biological evolution and Mendelian genetics. [31] In LGA, the genotype of 

the parents is initially transformed into its phenotype via a mapping function, followed by 
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the utilization of a local search of the parental phenotype and the transformation of the 

parental phenotype into the genotype of the next generations via a Lamarckian inverse 

mapping if the local minima hits. [31] In terms of docking, binding energy calculated from 

the coordinates of the ligands is treated as the phenotype and the ligand’s state variable 

described in genetic algorithms are treated as genotype. [31] AutoDOCK is the docking 

program combining both GA and LGA to perform the conformational search of the 

ligand candidates. [4] [31] 

 An alternative way of conformational search is the incremental construction 

search, which breaks the ligands at their rotational bonds and docks the fragments of 

these ligands rigidly at each favorable position of the binding site, with the largest 

fragment selected as the base one. [4] The orientations of the base fragment docked at the 

binding pocket is retained, followed by the addition of other smaller fragments in 

different orientation and the assessment via the designated scoring function. [4] This 

process is repeated until the entire ligand is assembled. [4] Docking software developed by 

incremental construction are FlexX [32], Hammerhead [33] and HOOK [4]. 

3b. Scoring Functions 

 
 After the selection of the ligand candidates, a score function is used to 

differentiate the poses of the ligand candidates at the binding site and rank the candidates 

in accordance to their calculated scores. All scoring function design is based on the 

hypothesis that the native complex conformation has the global minimum score. Scoring 

functions can be classified into four categories: force field based, empirical-based, 

knowledge-based, and consensus-based. [1][4]  
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 Force-field based scoring functions estimate the sum of the contributions from 

interactions with clear physical basis, such as hydrogen bond, electrostatic interaction and 

Van der Waals interaction between ligand and the target receptor. [1][4] When scoring the 

relative binding strength of the ligand, only the enthalpic gas phase for energetics and 

structures are considered. [1][4] Therefore to explain the desolvation effect caused by the 

water molecule in virtual screening, PB/SA and GB/SA analysis are applied to calculate 

the electrostatic desolvation free energy and the free energy caused by hydrophobic 

interaction respectively. [34] DOCK is a typical docking software; whose scoring function 

is AMBER force-field based. [34] 

 Empirical scoring functions estimate the binding energy from various terms, 

whose coefficients can be obtained from regression analysis such as experimental data 

and X-ray crystallography. [1][4] Although method of the binding energy estimation is 

similar to the force-field scoring function, empirical scoring function can include the non-

enthalpic terms. [1][4] One of the disadvantages of empirical based scoring function is that 

since it depends on the experimental data set used to perform linear regression analysis, 

the terms are not evenly weight. [4] 

 Nowadays there are several software developed based on the principle of 

Empirical-based scoring function, which is adapted from the construction of statistical 

preference of the atom pairs in terms of the Helmholtz energy and Boltzmann constants. 

[4] Glide, RosettaScore, LUDI, ChemScore, Score, X-Score, and F-Score are software that 

falls into these categories. [4] [34] 

 Knowledge-based scoring functions estimate binding score via the reproduce 

experimental structures using potentials from the interaction of atom pairs. [1][4] In 
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knowledge-based scoring function, the protein-ligand complex is modeled via the atomic 

interaction potential in pairwise. This scoring function is efficient in screening large 

ligand database since the computational method is relatively simple, and therefore not 

sensitive to the training data set. [1][4] Compared with the force-field based and empirical-

based scoring functions, it can balance the relationship between the computational speed 

and accuracy. [34] The potentials calculated from the inverse Boltzmann relationship are 

based on the structures instead of the reproduction of the binding affinities by fitting. [34] 

In addition, the scoring progress of the atomic potential in pairwise fashion can be 

fastening to a level similar to the empirical based ones. [4] [34] Docking software designed 

based on the knowledge-based scoring functions are SMoG, PMG,ITScore, DrugScore 

and BLEEP. [4] [34] 

 Additionally, consensus scoring technique can be applied by combining the 

existing scoring functions to minimize the errors and increase the accuracy of finding 

optimal candidates. [1][4] In consensus scoring function, the construction of the consensus 

score strategy from each individual score is crucial for identifying the true candidates. [34] 

Applications using consensus scoring function are Multi-Score, CSC, and SeleX-CS. [1] [34] 

4. AutoDock Vina  

4a. Origin of AutoDock Vina 

 
 As the updated version from Autodcok 4, AutoDOCK Vina is able to perform 

different levels of flexible docking through assigning freedom of rotation on different 

types of rotatable bonds on ligands.  Autodock Vina implements a completely different 

set of empirical scoring functions from the force field like scoring functions used in 

Autodock4.  [35] In Autodock, as described section 3.1.1a. and 3.2., it uses stochastic 
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algorithms such as Monte Carlo simulated annealing, GA and LGA to perform the 

conformational search of the ligand candidates. [31] However in Vina it uses a limited 

Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algorithm to perform the conformational 

search for ligand candidates. [36] In Autodock 4 a stepwise fitness function is used to 

perform the local search of the ligand conformation while in Vina a gradient is applied in 

the scoring function. According to Chang et.al, Autodock4 is less consistent in the search 

of the energy minima than Vina when evaluating the DUD library, indicating that the 

search algorithm of Autodock 4 isn’t efficient in assessing ligands with multiple rotating 

bonds. [36] In addition, Vina can ran the benchmark 62 times faster than the Autodock and 

ran 7.25 times faster via the use of eight cores on the test machine. [36] 

4b. Local Optimization of AutoDOCK Vina 

  

 By using L-BFGS, both the result obtained from the score function and the 

gradient of it is estimated. In terms of molecular docking, the gradient is defined as the 

first derivative of the scoring function with respect to the ligand information, which is 

location, orientation and the values of the torsions for the active notable bonds of the 

ligand and the residues nearby. In LBFGS, only the information from the number of 

iteration defined by the user and only this portion of the information is updated and 

stored in the approximated inverse Hessian matrix.  When hitting local minima of the 

energy, the iteration will stop. Since the number of ligand in the database is usually large, 

L-BFGS can run faster than the regular BFGS, especially when the function used is non-

linear.  [36]- [40] 
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 In Autodock Vina, the scoring function used is the combination of the empirical- 

and knowledge-based function. [36] It not only takes out the information from the 

preferential conformation of the ligand-receptor complexes but also the estimated binding 

affinity from experiment. [36] In general, the scoring function consists of the sum of the 

product between a series of interaction functions of the atom pairs and their distance, 

displayed in eq.1 [36]:  

� = � �����(	
�)

�

 (1) 

Where c is the estimated score of the binding free energy, ftitj stands for a series of 

interaction function between each atom pair defined as i and j and rij is the interatomic 

distance between each atom pair respectively. [36] Similarly, the estimated score of the 

binding energy can also be treated as the sum of the inter- and intra- molecular 

contribution denoted as cinter and cintra respectively in eq.2: 

c=cinter +cintra (2) 

According to the L-BGFS algorithm, s can be either the score of the global minima of the 

energy or the score of the local minima of the energy curve. [36] When the conformation 

of ligand receptor-complex is in the lowest energy form, s1 is calculated as below: 

�� = �(�� − �
�����) = �(�
�����)(3) 

In eq.3, g is the ascending smooth non-linear function, which was determined in eq.4 [36]:   

�(�
����) = ������
����� �

 (4) 

Where w is the coefficient of the number of active rotatable bonds between the heavy 

atoms in the ligand, denoted as Nrot. 
[7] For the other conformations, only the cintra of the 

best binding mode is used to estimate the binding free energy, which is denoted as si
 [36]: 
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�
 = �(�
 − �
�����)(5) 

The scoring function listed in Eq.1 is also identical to the product between weighted sum 

of steric interaction h"#"$  produced by each term adapted from Trot. et al [36]  in Table1. 

below and the surface distance d&' calculated from the difference between the interatomic 

distance and the Van der Waals radius of the two atoms [36]: 

       �����(	
�) ≡ )����(*
�) (6.2) 

*
� = 	
� − +�� − +��(6.1) 

In eq.6.1 R"#  and R"$stands for the van de Waals radius of the atom i and j of the atom 

type t. 

Table 1. shows the terms of the scoring function in Autodock Vina,adapted from Trot.et al[36]. 

  
The gauss1, gauss2 and repulsion term in Table1. are obtained by the following equations 

[36]: 
gauss1(L)=e-(L/0.5Å) (7.1) 

�-.��/(0) = 12(345Å
7Å )7

(7.2) 
Repulsion(L)=L2, if L<0 (7.3) 

          =0, if L ≥ 0  
Hydrophobic(L)=1, if L<0 (7.4) 

                  =0, if L ≥ 0  
Hydrogen(L)=1, if L<0 (8) 

                 =0, if L ≥ 0  
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II. Biological Background of Death Associated Protein Kinase (DAPK2) 

1. Structural Characterization of mDAPK2  

 
Death-associated protein kinase 2 (mDAPK2) is a 370 a.a. CaM-dependent 

serine/threonine kinase of mouse death associated protein kinase (DAPK), a family of 

three proteins (mDAPK1, mDAPK2, and mDAPK3) whose kinase activity can be 

activated through calmodulin (CaM) binding under the stimulation of Ca2+ [41] [42]. 

Previous study has identified four functional regions for DAPK2: a catalytic kinase 

domain (3-274), an autoinhibitory region (292-301), a CaM-binding segment (287-354) 

(not shown), and a dimerization region (Figure A. and Sup. Figure A.)[41]
.
  Similar to 

other DAPK family kinases, DAPK2’s kinase domain contains a small N-terminal lobe 

and a large C terminus lobe, with the nucleotide binding cleft and the catalytic site in 

between. [41] At the N-terminus, a salt bridge is formed between the Glu64 in the active 

αC helix and Lys42 located at the active site of the DAPK2. [41] In the inactive 

conformation of DAPK2, this salt bridge is broken in one of two monomers, leading to 

the structural difference of the two active sites in the presence of bound nucleotides. 

(Figure B. and Sup. Figure B.) [41] At the C-terminus, the autoinhibitory region of 

DAPK2 consists of a linker region (residue 277-291) and the autoinhibitory helix αR1 

(residue 292-301) (see Figure C. and Sup. Figure C.). [41] The autoinhibitory helix αR1 

regulates the hydrophobic and electrostatic interactions between the peptide-binding site 

and the kinase core. [41] Recent study suggest that Lys297 and Lys298 located on the 

outside surface of the autoinhibitory helix is essential for CaM recognition while the 
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Phe296 and Tyr300 function as the two hydrophobic anchors of the autoinhibitory helix. 

[41] (See Figure D. and Sup. Figure D.)

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A. shows the structure of the mDAPK2. The catalytic region is colored in sandy brown, a CAM 

binding domain (not shown, only the calcium ion is displayed in green), the autoinhibitory region is colored 
in orange red and the residues marking as the beginning and end of the catalytic domain (T.3 and T.276) 

are colored in cyan. 
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Figure B. shows the salt bridge between E64 and K42 (in light grey) at the active site of DAPK2, with the 

distance between side chain oxygen of E64 and nitrogen of K42 labeled. 
 

 
Figure C. shows the catalytic region (residue 3-274, in tan), autoinhibitory region of mDAPK2 consisting 
of a linker region (residue 277-291, in aquamarine,) and the autoinhibitory helix αR1 (residue 292-301, in 

gray). 
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Figure D. shows the basic residue and hydrophobic residues located on the autoinhibitory helix (in spring 

green) of mDAPK2. 
 

The sequence of DAPK family proteins shows overall high similarity among the 

three mouse kinases and their human homologs. The hDAPK1 shared 80.2%, 79.5%, 

96.8%, 78.2% and 80.4% sequence identity with hDAPK2, hDAPK3, mDAPK1, 

mDAPK2 and mDAPK3 respectively in the protein kinase domain (Figure E.). Although 

the structural alignment between mDAPK2 and hDAPK2 indicates the highly structural 

similarity (Figure F.), the structural difference is surprisingly significant between 

hDAPK1 and mDAPK2 (Figure K.). The catalytic domain in both DAPK1 and 2 was 

found to be responsible for the dimerization process for both kinases, via the unique basic 

loop. [41] In mDAPK2, the basic loop b is inserted into a groove between helices αG and 

αR1, and hydrogen bonding interactions were formed through Residue47, 50 and 53. [41] 

(See Figure G. and Sup. Figure D.) Previous research also shows that the active site (see 

Figure H. and Sup. Figure E.) of the hDAPK1 is near the P-loop, which is located 
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between the basic loop (residue 45-56) and the activating loop. [41] [43] [44] P-loop is a 

glycine-rich region, which controls the catalytic activity of the DAPK1. When GTP binds 

to the P-loop, the catalytic activity of DAPK is reduced. [45] [46]  

 
Figure E. Alignment of the catalytic domain of hDAPK1 with hDAPK2, hDAPK3, mDAPK1, mDAPK2 
and mDAPK3. Asterisks indicate the conserved, amino acid residues within the kinase domain. The solid 

mono-color backgrounds indicate identical amino acid residues. 
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(a) 

            
(b) 

      
(c) 

                  
Figure F. shows the structural alignment of (a) the whole mDAPK2 (yellow)-hDAPK2 (blue), (b) the 

pocket view of the monomer a (ligand in green) and (c) b of DAPK2 in heterodimer form. 
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Figure G. shows the structure of basic loop (in blue) and the basic residue Arg47, Arg50, and Arg53 (in 

green), between helices αG (in orange) and αR1 (in red). 
 

 
Figure H. displays the structure of the p-loop in hDAPK1 (in blue), located between the basic loop (in 

orange red), and the activation loop (in green). 
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2. Inhibitors Altering the Dimeric Autoinhibited Conformation  

of DAPK2 

  
Compared with DAPK1 and 3, so far very few virtual screening researches has 

been conducted on DAPK2, although their structure is highly similar to each other. [41] [43] 

[44]. hDAPK1 has the largest number of specific ligand candidates, which is 13. hDAPK3 

ranks the second, which is 4. hDAPK2 only has one specific ligand. Based on the 

previous studies, ligands binding specifically to hDAPK1, hDAPK2 and hDAPK3 were 

extracted and listed in Figures I. 1-2.  Since DAPK1, 2 and 3 are structurally similar to 

each other; their corresponding ligand candidates also have comparable molecular 

structures and binding modes at the active sites. In Figure I. 3 M1 and M2 were 

candidates that displayed large % inhibition for DAPK1 and 3. [43] [44]  

 

 

 

 

 

 

 

 

 

 

 



 

  

19

 
              1P4F, DRG [47]      1WVX, BD4 [48]        1WVY, STU [49] 

 
2YAK, OSV [50]                 38G, 4TXC [51]   

 
5AUV, AGI [52]  5AWU, QUE [52] 

 

 
5AWX, KMP [52] 5AUY, MRI [52]                  

 

 
5AUZ, GEN [52] 5AV0, 47X [52] 

 
5AUU, LU2 [52]                5AUT, 2AN [52] 

Figure I. 1. shows the molecular structures of ligands for (1) hDAPK: DRG (1P4F), BD4 (1WVX), 
1WVY(STU), OSV (2YAK), 38G(4TXC), LU2 (5AUU) 

2AN(5AT), AGI (5AUV), QUE (5AUW), KMP (5AUX), MRI (5AUV), GEN (5AUZ), 47X(5AV0), cont. 



 

  

20

 
2CKE, IQU [44] 

 
 2J90, IZA [53]      3BHY, 4RB [54]               5A6N, U7E [55] 

 
3BQR, 7CP [56] 

Figure I. 2. shows the molecular structures of ligands for hDAPK2: IQU (2CKE) and hDAPK3: IZA (2J90), 
BR4 (3BHY), U7E (5A6N), 3BQR(7CP), cont. 

         

M1. 84% inhibition at      M2. 91% inhibition at 10μM 
10μM for DAPK1 and 100%   for DAPK1 and 71% inhibition 
inhibition 10μM for DAPK3              at 10μM for DAPK3 

 
Figure I. 3. shows the molecular structures of M1 and M2, with the their %inhibition at 10μM of hDAPK1 

and hDAPK3 labeled, cont. 
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Figure J. shows the structure of the active site for M3 binding to DAPK1 at the active site, along with the 

pocket residues around the ligand. The hydrogen bond between the ligands and the residues were colored in 
forest green. 

 
 In Okamoto et. al, M1 is tested to be the most potent inhibitor for DAPK1 and 3. 

[43] Based on the predicted binding mode obtained from the CONSENSUS-DOCK, when 

M1 is docked into the active site of DAPK1, the N in the pyridinyl group of M1 forms a 

hydrogen bond with the NH backbone of VAL96. In addition, hydrophobic residues 

(Ala40, Met146 and Ile160) also involved in binding interaction between M1 and 

DAPK1. [43] M2 is a molecule whose structure is similar to M2, with a binding affinity 

stronger than M1. However, unlike M1 its binding mode still remains unknown. [423   

In Wilbek et.al, M3 is identified to be another potent inhibitor for DAPK1 via 

molecule-screening method, with IC50=0.247µm. [44] Looking at the binding pocket, the 

heterocyclic part of M3 forms a hydrogen bond between VAL96, with a fashion similar 

to the hydrogen bond formation between M1 and DAPK [41] [43] [44] (See Sup. Figure H.). 
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The hydroxyl-methoxy-phenyl portion of M3 also forms hydrophobic interaction with 

Lys 42 and Glu64. Currently, the crystal structure of DAPK1-M3 complex has an X-ray 

co-crystal structure at 1.9Å, with all of the residues clearly visible in the structure. [44]  

Based on the previous research of the inhibitors for DAPK kinase [41] [43] [44] and 

the deviation of side chain for DAPK1 pocket residues comparing with the ones at 

DAPK2 (Figure K.), it’s possible to find out potential inhibitors specifically for DAPK2. 

In Figure L., the pocket residues of DAPK1 listed in Okamoto.et al and Wilbek et.al are 

conserved in DAPK2. However, the side chain of these residues is not aligned in the 

same fashion. The side chain of residue 42,96,100,143,144 and 146 are deviated from 

each other, which might potentially lead to the difference in ligand selection. In this 

project, the binding pocket of DAPK2 was identified based on the alignment results in 

Figure K. and Figure L.  
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Figure K. shows the whole view of the aligned hDAPK1 and mDAPK2. The P-loop of DAPK1 and 2 is 

colored in coral and gold respectively, and the residues colored in pink are the pocket residues at the 
binding pocket. 

 

 
Figure L. shows the structural view of the binding pocket for hDAPK1, with mDAPK2 aligned together. 

Residue 42, 96, 100, 143, 144 and 146 are colored in pink and with the side chain displayed, for both 
DAPK1 and 2. 
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3. Medical Motivation of Screening Inhibitors for DAPK2 

Although the biological function of DAPK2 is closely related to leukemia and the 

lymphatic tumor, it’s not an ideal target drug for cancer due to the insufficient knowledge 

background of DAPK2. [57] As a result, the drug discovery of specific activators of genes 

downregulated by promoter hypermethylation is restricted. [57] 

  More recently, it has been reported that DAPK1 is the potential drug target for 

diseases characterized by neurodegeneration, such as stroke or traumatic brain injury 

[57][58] In PELLED D, RAVEH T, RIEBELING C et al, DAPK protein expression was 

unregulated in rat hippocampal neurons after1 h of exposure to ceramide and cell death 

occurs after 16 h of exposure, indicating that DAPK might involve in the apoptosis of 

neuronal cell via the interaction between the catalytic activity and the death domain 

interaction [59]. Since DAPK1 and 2 is highly similar to each other structurally, it’s 

possible that DAPK2 might also be a potential target similar to DAPK1. As a result, 

discovering new inhibitors for DAPK2 regarding the prevention of neurodegenerative 

diseases should be of importance of such endeavors. 

III. Biological Background of Engulfment and Cell Motility 1 Protein (ELMO1)- 

Dedicator of Cytokinesis 2 (DOCK2) Complex   

1. Structural Characterization of ELMO1 

 
ELMO1 stands for engulfment and cell motility 1 protein, which belongs to the 

Engulfment and Cell Motility family (ELMO). It’s a human protein regulated by ELMO1 

gene with 720 residues in total. [60] [61] It has a ras homology gene family at the N terminus, 

a Rho-G binding region, the ELMO domain, the PH domain and a sequence with three 

Pxxp motifs at the C-terminus. (See Figure N. 1.) [62] The ELMO domain binds to the 
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SH3 domain of DOCK2 at its C-terminus, then the SH3•DHR2 interaction and in this 

way the DOCK2 protein can activate the Rac GTPase. [62] [63] When ELMO1 binds to 

DOCK2, an intermolecular five-helix bundle can also form by the alpha helical region, 

the SH3 domain, and the extensions of the PH domain of ELMO1 [61]. Due to the 

interaction of the ELMO inhibitory domain (EID) with the ELMO auto-regulatory 

domain (EAD), ELMO1 is reported auto-inhibited. [61] However, DOCK2 and ELMO1 

together can relieve their auto-inhibitions, whose mechanism still remains unknown. [61] 

2. Structural Characterization of DOCK2 

 
 Dedicator of cytokinesis 2 (DOCK2) is a guanine nucleotide exchange factor 

carrying 168 residues with a mass of 213 kDa. [61] It’s a Rac activator that manages the 

motility and polarity in neutrophil chemotaxis. [63] DOCK2 is a member of CDM family 

(Caenorhabditis elegans CED 5 mammalian DOCK180, and Drosophila Melanogaster 

Myoblast city), and shares sequences highly similar to DOCK180. [61] Like 10 other 

DOCK proteins in the CDM family, DOCK2 also has a DOCK-homology region (DHR-1) 

and DHR-2 but doesn’t have a DH-PH domain. [61] DOCK2 facilitates the Rac GEF 

reaction via DHR-2 domain. [61] It also binds to the phosphatidylinositol 3,4,5-

triphosphate (PIP3) via DHR-1 domain, which is required for the interaction between 

DOCK2 and the plasma membrane. [61] At the N terminus, DOCK2 contains a SH3 where 

the ELMO1 interacts. [63] Moreover, the SH3 domain of DOCK2 can bind to the C-

terminus of ELMO1 not just in the PxxP region. [61] When ELMO1 binds to the DOCK2, 

the autoinhibition of DOCK2 can be relived. [61]- [63] 
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3. Interactions that Affect the Binding Between ELMO1 and DOCK2 

  

 According to K. Namekata et.al and Hanawa-Suetsugu et.al, ELMO1 can bind to 

DOCK2 via the the interaction between the Pxxp domain at ELMO1 and SH3 domain at 

DOCK2, which lead to the Rac access to the catalytic DHR-2 domain. [61] [64] In addition, 

Hanawa-Suetsugu et.al also found that a five helix bundle is formed by Dα1-3 of DOCK2 

and Eα1 and 3 of ELMO1, which involves a large number of aliphatic side chains of ILE 

and Leu residues. [61] 

At the C-terminus of ELMO1, Pro 707,710,711,712,714 and 717 together form 

three PxxP motifs. [61] The ELMO1 peptide binds to the DOCK2 at the SH3 domain and 

form a polyproline II helix. [61] Tyr 44 of DOCK2 binds hydrophobically with Pro714 and 

Pro717 of ELMO1, meaning that Pro174-x-x-Pro717 is the PxxP motifs that DOCK2 

binds at (Sup. Figure K.). [61[64]] The Tyr 44 of DOCK2 also forms hydrogen bond with 

Lys 715 at the PxxP motif of ELMO1. [61] When interacting with each other, DOCK2 and 

ELMO1 forms a large, rigid complex involving the entire regions of the two protein 

fragments. [61] 

The intermolecular five-helix bundle is constituted by Dα1-3 of DOCK2 and Eα1 

and 3 of ELMO1 (Sup. Figure L.). [61] From the previous structural analysis, Leu 95, 

Trp96, Trp 102, Val 107, Phe 114, Met 121 and Met 125 at DOCK2 interact with the Ile 

544, Leu 547, Ile 548, Leu 681, Leu 689, Met 692, Leu 696, and Leu 699 at ELMO1 

(Sup. Figure M.). [61] Besides hydrophobic interactions, several hydrophilic interactions 

also play an important role in the formation of five-helix bundle. The side chain of 
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Lys103, Tyr 106 and Arg 128 of ELMO1 form hydrogen bond with the side chain of 

Glu693, Arg 685 and Leu 699 of DOCK2 respectively (Sup. Figure N.). [61]  

Based on the crystal structure of the ELMO1-DOCK2 complex, it is possible to 

find out inhibitors that can interrupt the formation of the complex, via binding to the 

pocket located at either SH3 domain of DOCK2 or the six bundle helices formed between 

ELMO1-DOCK2.  

4. Finding out Inhibitors that Could Interrupt the Binding between ELMO1-

DOCK2 Complex  

 
ELMO1 plays an important role in cell migration. [64] [65] ELMO1 can act 

downstream of the phosphatidylserine receptor BAI and activate RAC1 via the formation 

of complex with DOCK1, which is responsible for the promotion of cell motility and 

engulfment. [60] [66] [67] The activation of RAC1 via formation of ELMO1-DOCK complex 

was found to involve in: the internalization of apoptotic cells leading to serious testicular 

problems [68], increase of lymphocyte migration of primary T cells [69], and actin 

cytoskeleton regulation during breast cancer. [70] In addition, in John W. et al. [65] ELMO1 

is found sufficiently in the inflamed synovium and the inhibition of ELMO1 transcription 

with siRNA in rheumatoid arthritis fibroblast-like synoviocytes (RA FLS) can result in 

the reduction of cell migration and invasion.  [65] Since Rac1 GTPase activity was 

regulated by ELMO1; John W. et al. also indicated that ELMO1 could participate in the 

cell motility and invasion when Rac1 is activated. [65] In Lefevre et.al and Lee et. al, FLS 

is responsible for the cartilage damage in RA and can potentially migrate to other joints. 

[71] Therefore the blockage of migration can slow down the progress of disease. [65] [71] [72] 
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When ELMO1 complexes with DOCK2, similarly Rac GTPase can also be 

activated and thus the cell migration can be increased. [61] From the structural 

characterization of ELMO1-DOCK2, there might be potential pockets located at the 

interface between ELMO1 and DOCK2, where the inhibitors can bind. The RA FLS 

migration by Rac1 can be prohibited potentially, via the disruption of ELMO1-DOCK2 

complex by the inhibitors. [61] [65] [71] [72] Although RA drug development is still a 

challenge; RA can be treated potentially via prohibiting the formation of ELMO1-

DOCk2 complex.  
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Chapter 2 Method and Results 

I. Identification of the Binding Pocket 

1. Pocket Identification on DAPK2 via Structural and Sequence Alignment  

 
Identification of binding pocket for mDAPK2 is essential prior to docking. 

However, mDAPK2’s pocket residues cannot be determined directly from the structural 

information due to the lack of any inhibitor binding complex structure. Therefore, we 

used the inhibitor binding structures from human DAPKs to identified the pocket residues 

of mDAPK2 since they share very high similarity on sequence, for ex. hDAPK1 and 

mDAPK2 both have a catalytic domain that share 80% identity at the amino acid level. 

First, the multiple sequence alignment on the catalytic domain was performed between 

hDAPKs (PDBID: 1WVX, 2CKE, 3BHY) and mDAPK2 (PDBID: 2YA9) using 

ClustalW. The quality of the multiple sequence alignment is high due to the overall high 

similarity between the sequences of DAPK proteins. No gap is observed on the kinase 

catalytic domain. Next, the pocket residues are identified from each of the structure using 

the criterion of minimum distance less than 8Å to the ligand. The pocket residues from 

each complex structure are mapped to the multiple sequence alignment. The union of 

these pocket residues are selected as the pocket residues for mDAPK2, as displayed in 

Figure M. The mDAPK2 pocket was finally constituted by the following residues: L19, 

G20, S21, K42, L93, E94, L95, V96, S97, G98, G99, E100, P142, E143, N144, I145, and 

D161.
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Figure M. The result of sequence alignment between hDAPK1 (1WVX), hDAPK2 (2CKE), hDAPK3 
(3BHY) and mDAPK2 (2YA9), via Jalview [73]. The residues within 8Å of the ligands in each DAPK 

receptor were grouped and colored accordingly. 

 

2. Prediction of Potential Binding Pocket for ELMO1-DOCK2 Complex via 

LIGSITEcsc 

 

According to the present study [61] [65], it is possible to find out small-molecule 

inhibitors that can disrupt the formation of ELMO1-DOCK2 complex at either the SH3 

domain or between the five-helix bundles. To test our hypothesis regarding the binding 

pockets of the ELMO1-DOCK2 complex, LIGSITEcsc is used, where superscript csc 

stands for Connolly surface and conservation. It’s a software designed exclusively for 

ligand binding site, based on the surface-solvent-surface events and the conservation of 

the involved surface residues. [74] Instead of using the x, y, and z coordinates of the 

protein atoms to locate the binding site, the protein’s solvent accessible surface is used.  

 Nowadays, lots of software such as Pocket, LIGSITE, SURFNET, CAST, and 

PASS are designed to predict and analyze the potential binding site for ligands, via 

characterizing the geometric features of the receptor merely. [74] In Huang and Michael 

et.al, LIGSITEcsc was compared with the previous developed Pocket, LIGSITE, 

PDB|2ya9|2YA9|A/3-164 - M T F K Q Q K V E D F Y D I G E E L G S G Q F A I V K K C R E K S T G L E Y A A - 40 

PDB|1wvx|1WVX|A/2-163 - T V F R Q E N V D D Y Y D T G E E L G S G Q F A V V K K C R E K S T G L Q Y A A - 40 

PDB|2cke|2CKE|D/2-163 - E P F K Q Q K V E D F Y D I G E E L G S G Q F A I V K K C R E K S T G L E Y A A - 40 

PDB|3bhy|3BHY|A/8-169 - - - - - - - - - - - - - - - G Q F L G S G Q F A I V R K C R Q K G T G K E Y A A - 40 

PDB|2ya9|2YA9|A/3-164 - K F I K K R Q S R A S R R G V C R E E I E R E V S I L R Q V L H P N I I T L H D - 80 

PDB|1wvx|1WVX|A/2-163 - K F I K K R R T K S S R R G V S R E D I E R E V S I L K E I Q H P N V I T L H E - 80 

PDB|2cke|2CKE|D/2-163 - K F I K K R Q S R A S R R G V S R E E I E R E V S I L R Q V L H H N V I T L H D - 80 

PDB|3bhy|3BHY|A/8-169 - K F I K K R R L S S S R R G V S R E E I E R E V N I L R E I R H P N I I T L H D - 80 

PDB|2ya9|2YA9|A/3-164 - V Y E N R T D V V L I L E L V S G G E L F D F L A Q K E S L S E E E A T S F I K - 120 

PDB|1wvx|1WVX|A/2-163 - V Y E N K T D V I L I L E L V A G G E L F D F L A E K E S L T E E E A T E F L K - 120 

PDB|2cke|2CKE|D/2-163 - V Y E N R T D V V L I L E L V S G G E L F D F L A Q K E S L S E E E A T S F I K - 120 

PDB|3bhy|3BHY|A/8-169 - I F E N K T D V V L I L E L V S G G E L F D F L A E K E S L T E D E A T Q F L K - 120 

PDB|2ya9|2YA9|A/3-164 - Q I L D G V N Y L H T K K I A H F D L K P E N I M L L D K N I P I P H I K L I D - 160 

PDB|1wvx|1WVX|A/2-163 - Q I L N G V Y Y L H S L Q I A H F D L K P E N I M L L D R N V P K P R I K I I D - 160 

PDB|2cke|2CKE|D/2-163 - Q I L D G V N Y L H T K K I A H F D L K P E N I M L L D K N I P I P H I K L I D - 160 

PDB|3bhy|3BHY|A/8-169 - Q I L D G V H Y L H S K R I A H F D L K P E N I M L L D K N V P N P R I K L I D - 160 

I 
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SURFNET, CAST, and PASS over 48 unbound/bound and 210 bound-only receptor-

protein complex by the same method of assessment. [74] LIGSITEcsc can identify the 

ligand-binding site correctly in 71% and 75% cases respectively, which are better than 

the other software mentioned here. [74]  

 Here is how the LIGSITEcsc works [74]: First of all, the protein, which was 

ELMO1-DOCK2 complex in this article, was traversed into a 3D grid with a step size of 

1Å. In this step, the x, y, and z components as well as the four cubic diagonal vectors 

were analyzed. After scanning the protein complex in 7 directions, grid points were 

marked as protein, surface or solvent using the following criteria (Sup. Figure O.) [75]: If a 

grid point is located within 1.6Å of the atom, then it is marked as protein. To confirm 

protein surface, Connolly algorithm is applied. A virtual probe with a defined size, which 

is 1.4Å in LIGSITEcsc, is used to orbit the protein. As a result, a solvent accessible 

surface consisting of the Van der Waals surface of protein and probe surface is formed 

followed by the storage of the coordinates of the surface vertices (Sup. Figure P.) [75]. If 

the distance between the vertices of solvent accessible surface and a grid is less than 1Å, 

and if this grid point meets the condition to be label as protein, then this grid point is 

labeled as surface. All other points that don’t fall into any of the criteria described above 

are labeled as solvent. At the reentrant surface, lines were drawn between two surface 

points, which passed several solvent grids. The combination of surface grids and the 

solvent grids here is called surface-solvent-surface event. Excluding the surface grid, if 

the number of solvent grid in between is larger than six, then these solvent grids are 

marked as pocket. Then these pocket grids were clustered according to the proximity and 

the clusters was ranked according to the number of pocket grids. Finally, these pockets 
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were ranked again based on the degree of conservation of the surface residues that 

located within 8Å of the cluster center.  [74] [76]  

In this project, both the structural-based and ligand-based virtual screening are 

performed at the binding pockets predicted by LIGSITEcsc, to search for ligands 

disrupting the formation of ELMO1-DOCK2 complex. 

To find out if there're any potential binding pocketed between the 5-bundle helix 

structure between ELMO1 and DOCK2, LIGSITEcsc was used. According to Hanawa 

et.al [61], the prediction of binding sites was performed on chain A and B only.  Figure N. 

shows the 2 most potential binding sites for ELMO1-DOCK2 complex, by setting the 

number of potential binding sites to 3.  
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(1) 
 

 
 

 

 
(2) 

 
Figure N. 1-2. Two of the most likely binding site for ELMO1-DOCK2 complex (PDBID: 3A98). 

Figure N. 1. The binding site at the five-bundle helices between ELMO1 (colored in yellow) and DOCK2 
(colored in green) consists of Y122.A, L96.A and L696.B, cont. 

 
Figure N. 2. The other binding site for ELMO1-DOCK2 complex consists of two domains: SH3 and Pxxp 
domain. At the SH3 domain of DOCK2, these residues are the ones that form the binding site (colored in 

blue): Asp 43, Trp 44, Lys61 and Ser62 (Inglis et al. and N.Atatrech et al.). At the Pxxp domain, these 
residues are the ones that form the binding site Pro 714, Lys 715 and Glu 716 (Hanawa-Suetsugu et al.). 
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To figure out the center coordinates and the size of the search volume for the 

binding pocket at the SH3 domain, residues that constitute the binding site were selected, 

as it is shown in Figure O. 1 and Figure O. 2. In addition to these residues, two residues 

at each end of the Pxxp domain (Pro 714, Lys 715 and Glu 716) were also selected 

respectively. By using the x, y, and z coordinates of these selected 10 residues in Figure 

O. 1, the size of the length, width and height of the search space was 19.954, 22.208 and 

21.670 respectively. Finally, the information regarding center coordinates of the 

predicted binding pocket and the size of the search volume were saved as a configuration 

file, which would be used in virtual screening.  

To confirm the center coordinates and the size of the search volume for the five-

bundle helix site, residues within 8Å of L696.B were selected, as displayed in Figure N. 1. 

The reason why L696.B was selected as the center residue is that the ligand candidates 

should be able to insert into the 6-helix bundle and thus can interrupt the interaction 

between ELMO1 and DOCK2. Using the x, y and z coordinates of the 8Å residues in 

Figure O. 2 were extracted and used to calculate the center of the potential binding 

pockets and the size of the search space. The size of the length, width and height of the 

search space was 17.237,21.765 and 19.679 respectively. Finally, the information 

regarding center coordinates of the predicted binding pocket and the size of the search 

volume were saved as a configuration file, which would be used in virtual screening. 
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(1) 

 
(2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure O. 1-2. Residues that determines the center coordinates and search volume of ELMO1-DOCK2 
complex. 

Figure O. 1. In addition to residues labeled in Figure N-2, two residues (pink) at each end of the Pxxp 
domain (Pro 714, Lys 715 and Glu 716) were selected respectively, cont. 

Figure O. 2. Residues within 8Å of L696.B (I31, G32, V34, K51, V91, T92, T93, T94, L95, W96, E97, 
W98, G99, S100, W102, K103, M121, M125, R128, L536, L689, L690, S691, M692, E693, I694, K695, 

L696, R697, L698, L699, D700, I701) were colored in purple. 
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II. Docking Inhibitors on the Previously Identified Pocket on DAPK2  

1. Docking on mDAPK2 

 
In this article, all of the ligands in the database are in 3D structures, which can be 

obtained from the ZINC database. [77] The “drug-like” ligand subset was downloaded 

from ZINC database [77] containing 17,900,742 ligands. All the ligands were processed 

into pdbqt format using script prepare_ligand4.py provided in AutoDock Vina package. 

mDAPK2 structure was taken from PDB ID 2YA9 and processed into pdbqt format by 

script prepare_receptor4.py in Autodock Vina. [36] [78] Then the x,y and z value of center 

coordinates and the magnitudes of length, width and height of a docking cube are 

determined from the coordinates of the pocket residues of DAPK2. In rigid docking, the 

level of exhaustiveness, which tells how hard the Vina should perform the 

conformational search of ligands, was set to 1. [78] Only the very best docking 

conformation is kept for each ligand. [78] Part of the rigid docking results is shown in Sup. 

Figure G. and Sup. Table 1. [78] 

The top 1 million candidate ligands from rigid docking were selected for the 

following flexible docking. The same binding pocket setup is used for flexible docking as 

the rigid docking. The exhaustiveness, the binding mode and energy range was set to 9,1 

and 3 respectively. Figure P. 1-10 shows the top 10 candidate ligands for DAPK2 from 

the flexible docking result. Based on their binding affinity difference produced by 

DAPK1 and 2, ZINC 32721460 was selected to perform MD simulation described in the 

next section. For the simplified version of the docking process, please refer to the flow 

chart in Sup. Figure J. 1.  
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1.ZINC02655180                                       2. ZINC32983948 
(-12.1Kcal/mol, 480.487g/mol)                     (-11.9Kcal/mol, 480.987g/mol)  

        
3. ZINC22007970              4. ZINC72438491 
(-11.9Kcal/mol, 440.502g/mol)                 (-11.9Kcal/mol, 489.531g/mol)           

      
5.ZINC49442684            6. ZINC15730186 
(-11.8Kcal/mol, 484.577g/mol)        (-11.8Kcal/mol, 494.599g/mol )      

 

 
7.  ZINC32721460   8.ZINC00671505 
(-11.7Kcal/mol, 495.603g/mol)                    (-11.7Kcal/mol, 487.515g/mol)        
 

   
9.ZINC08399012           10. ZINC14549309 
(-11.7Kcal/mol, 464.589g/mol)                  (-11.7Kcal/mol, 474.628 g/mol)  
 

Figure P. 1-10. Top 10 ligand-candidates for Rigid Docking at DAPK2 (exhaustiveness=9). All of the 
ligands were ranked based on their binding affinity, numbered from 1 to 10. 



 

  

38

 

                                               
1. ZINC04760022     2. ZINC05377817 
(27420,296.369g/mol, -10.0Kcal/mol)                (37565, 298.409g/mol, -9.9Kcal/mol) 
 

                                     
3. ZINC05482357    4. ZINC71772079 
(33619, 311.384g/mol, -9.9Kcal/mol)   (47566,312.351g/mol, -9.8Kcal/mol) 

                                           
5. ZINC14544618    6. ZINC14544694 
(32893,314.432 g/mol, -9.9Kcal/mol)  (33322, 314.432g/mol, -9.9Kcal/mol)  
     

                           
7. ZINC14321140    8. ZINC01019606 
(14513,320.415g/mol, -10.2Kcal/mol)  (35596,314.473gmol, -9.9Kcal/mol)   
 

                         
9. ZINC36515879         10. ZINC14475072 
(36349,321.335g/mol, -10.0Kcal/mol)            (27080,322.411g/mol, -10.0Kcal/mol) 
 
Figure Q. 1-10. Top 10 candidates with the lowest molecular weight among candidates in DAPK2, ranked 

according to the molecular weight. The molecules were numbered according to their molecular weight.  
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2. Ligand Similarity of Flexible Docking Results  

  
 To estimate how similar the ligand candidates are for the DAPK2 receptor, the 

Tanimoto coefficient for 1000X1000 pairs of ligands was initially calculated using the 

path-based fingerprint FP2 in openBabel [79]. This fingerprint identifies the linear and ring 

structures of the molecules up to the length of 7, and these substructures were mapped via 

a hash function. [79] The results of Tanimoto coefficients for the 1000X1000 pairs of 

ligands were then saved in a single file. Tanimoto coefficient (TC) is the most widely 

used coefficient in ligand based virtual screening, calculated by eq.9: 

8� = �
(��92�) (9) 

Where c stands for the total number of ligands in both molecular fingerprint A and B, b 

stands for the number of ligands found exclusively at B and a stands for the ligands found 

exclusively in fingerprint A. [4] [80] The range of Tanimoto coefficient is between 0 and 1. 

[4] [80]  

 The top 1000 ligands from flexible docking result are used for similarity 

analysis. A 1000X1000 matrix was made by calculating the TC of each ligand pairs. The 

Tanimoto coefficient matrix was converted into distance matrix by subtraction of each 

element from 1. The distance matrix was clustered using the complete linkage 

hierarchical clustering algorithm. In each clustering step two nearest clusters are gathered 

and form a new cluster until the whole data set is merged into one single cluster.  

Complete linkage is the method to calculate the distance between two clusters that the 

distance between two clusters is defined by the maximum distance between the elements 

from the two clusters. The hclust function in R is used to perform the hierarchical 

clustering calculation The hierarchical clustering result was then divided into 731 clusters 
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using the TC cutoff 0.9 so that the ligands with TC more than 0.9 are clustered into one 

cluster. We concluded that the redundancy of the flexible docking result is not high since 

most of the clusters only contain one or two ligands. For the simplified version of the 

ligand similarity analysis method, please refer to the flow chart in Sup. Figure J. 2. 

3. Binding Specificity between hDAPK1 and mDAPK2 

 
 The docking result of mDAPK2 shows that the majority of the inhibitors are 

rigid aromatic molecules, which are similar to previous identified hDAPK1 inhibitors. 

However, we also find that the potential inhibitors of mDAPK2 are much larger than that 

of hDAPK1. Such observation suggests that mDAPK2 and hDAPK1 could have different 

binding specificity. To investigate the binding specificity of the two kinases, we docked 

the top 300 thousand ligands from the flexible docking result of mDAPK2 to hDAPK1. 

The structure of hDAPK1 was taken from PDB ID 1WVX. The docking parameter of 

hDAPK1 used the flexible docking protocol of mDAPK2, where exhaustiveness, number 

of model, and energy range are set to 9, 1 and 3 respectively. 

For each of the 300 thousand ligands, the difference of estimated binding energy 

is calculated between mDAPK2 and hDAPK1. We ranked the ligands using the 

difference and picked the top one and the bottom one representing the mDAPK2 

preferred ligand (DA7, Fig P1) and the hDAPK1 preferred ligand (BAL, Figure P. 2. and 

Sup. Figure H. 3.) respectively, to look into their binding energy profile using the 

MM/GBSA method.     
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Figure R. 1-2. shows the Ligands selected to perform MD simulation on DAPK1 

and 2 respectively. These ligands were selected based on the difference between their 

binding affinity and their ranking in DAPK1 and 2 respectively. 

 
(1) 
    

  
Name: PhenylBLAHtrione                  
ID: ZINC00988780 
Rank in DAPK2: 31468 
Rank in DAPK1: 5 
Binding Affinity for DAPK1: - 12.3Kcal/mol 
Binding Affinity for DAPK2: -9.9Kcal/mol 
Difference: -2.4Kcal/mol 
 
(2) 

 
Name: 4-(2-methyl-4-oxo-quinazolin-3-yl)-N-[(4S)-1'-methylspiro[chromane-2,4'-piperidine]-4-
yl]benzamide 
ID: ZINC32721460 
Rank in DAPK2: 7 
Rank in DAPK1: 244853 
Binding Affinity for DAPK1: -8.9Kcal/mol 
Binding Affinity for DAPK2: -11.7Kcal/mol 
Difference: 2.8Kcal/mol 
 
Figure R. 1-2. shows the ligand candidates chosen to perform MD simulation on DAPK1 and 2. Ligand in 

E1 is DAPK2-specific ligand, while E2 is DAPK2-specific ligand. P1: Structure of ZINC00988780 (BAL). 
P2: Structure of ZINC32721460 (DA7). 
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In this section, molecular dynamics (MD) simulation was performed to track the 

physical movement between the ligand and the protein, after the potential candidates 

were selected from the virtual screening process. The whole MD simulation process was 

carried out by a MD simulation software named Assisted Model Building with Energy 

Refinement 15 (AMBER 15). [81] [82] The potential function used to calculate the total 

energy of the covalently bonded atom pairs for the whole complex is described below [82]: 

:�;<=>�? =  ∑ ABCD − D�EF + ∑ H�
/ [1 + cos(MN − O) +P
Q�P��>R��S>�

∑ A�C- − -�EF + ∑ [ T��
U��V7 + W��

U��X
+ Y�Y�

ZU��
�9;�PR    (10) 

 
In this potential function, Ecomplexstands for the total energy of each covalently 

bonded atom pairs; Kθ and Ka are the force constant for the bond angle and bond length 

respectively [82]; θeq and aeq are the bond angle and bond length at equilibrium state [82]; β 

is the dihedrals and Vn
 is the force constant for the dihedral angles, with the γ value 

ranging from 0° to 180°. For the potential energy of the non-bonded atoms, which is the 

fourth term, consists of Van der Waals and electrostatic interactions. [82] In here, Aij and 

Bij stands for the Van der Waals terms and London dispersion terms respectively. [81] Qi 

and Qj stands for the partially charged atoms [82]; ε is the dielectric constant of the chosen 

medium with a value of 1 in general. [82] 

To access the binding energy profile of the ligand-protein complex, a method 

named molecular mechanics generalized Born surface area (MM/GBSA) is applied. In 

MM/GBSA analysis, in addition to the molecular mechanic terms described in eq.9, the 

solvation energy consisting of the surface area (SA) nonpolar solvation term, the 

generalized Born (GB) polar solvation term and the entropy are also considered. [83] The 

MM/GBSA analysis can also be used to decompose the energy profile caused by a single 
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residue or a residue pair. [83] The binding free energy for the protein-ligand complex is 

estimated by eq.11: 

 
 

Ebind=Ecomplex-Eprotein-Eligand 

                 =Ecomplex+EGB+EGA                   (11)                               

                  =Evdw+Eele+EGB+EGA  
 

where EGA and EGB stands for the free energy caused by polar and nonpolar solvation 

respectively. [83] 

The classical molecular dynamics simulation was performed to sample the 

conformation for the MM/GBSA analysis. Four systems were built from the docking 

result: mDAPK2-BAL, mDAPK2-DA7, hDAPK1-BAL, and hDAPK1-DA7.  Partial 

charges were assigned to BAL and DA7 using Gaussian 09 (G09). Then these mol2 files 

containing partial charges were used to generate the topology and parameter files of the 

four ligand-receptor complexes via AMBER14, with the ff03 force field, followed by the 

4-stage minimization. During minimization, for each stage 4000 steps of minimization 

and 1500 of steepest decent was applied. Then the minimized complexes were slowly 

heated up from 10K to 300K, over 10ps in a total of 30 stages, during the heat-up process. 

Next, a 16-stage production was performed at 300K over 250,000 steps. Finally, via the 

output files from the 16-stage MD production, the RMSD for the pair-wise atoms in the 

four ligand-receptor complexes were calculated and plotted against time step using Excel. 

During the MD simulation, the temperature and the pressure were regulated by the 

protocol of Andersen temperature coupling [84] and the method of isotropic position in 

described in David A. et al respectively [85]. Hydrogen atoms were constrained by 

SHAKE, with the time step was set to 2.0 fs. [86] [87] In minimization and MD production, 
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particle mesh Ewald (PME) was applied to manipulate the long-range electrostatic 

interactions. [88] The whole system was solvated in a rectangular box of TIP3P water 

molecules, with the dielectric constant and the cutoff for non-bonded interactions set to 

1.0 and 8Å respectively. [86] The backbone (heavy atom for ligands) root mean square 

deviation (RMSD) is plotted against time for each snapshot in the trajectory (Figure Q.). 

The RMSD-time graphs show that all two trajectories reach equilibrium after 2ns.   

 MM/GBSA binding energy and energy decomposition analysis were performed 

on all four complex systems. Single snapshot protocol was used [86] to reduce the noise of 

energy estimation. The solvation effect was considered using the generalized Born (igb=2) 

method and surface area method (0.0072*ΔSASA). The last 1ns snapshots were used for 

binding energy and decomposition analysis to ensure the snapshots from equilibrium 

were used. For the simplified version of the MD simulation method, please refer to the 

flow chart in Sup. Figure J. 3. 
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(1) 

 

(2) 

Figure S. 1-2. shows the RMSD vs. Time plot for each selected ligand bound to DAPK1 and 2 respectively 
X1: RMSD vs. Time for BAL bound to DAPK1 and 2 respectively. X2: RMSD vs. Time for DA7 bound to 

DAPK1 and 2 respectively. 
 

 Table 2 shows the binding energy of BAL and DA7 binding to hDAPK1. As the 

binding affinity becomes larger, the MMGBSA increases accordingly. The data listed in 

Table 2 indicated that BAL is a strong binder for hDAPK1.  
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Table 2. shows the energy profile for BAL and DA7 binding to hDAPK1.  The column shows the name of 
the ligand –DAPK1 complex while the row shows the binding affinity of each ligand from Vina and 

MMGBSA energy from Amber 14 respectively. 
 

Complex Binding Affinity (Kcal/mol) MMGBSA (Kcal/mol) 

DAPK1-DA7 -8.9 -22.4 

DAPK1-BAL -12.3 -29.5 

 
  

Table 3 below shows the binding energy of BAL and DA7 binding to mDAPK2. 

As the binding affinity becomes larger, the MMGBSA increases accordingly. The data 

listed in Table 3 indicated that DA7 is a strong binder for mDAPK2. 

 

Table 3. shows the energy profile for BAL and DA7 binding to mDAPK2. The column shows the name of 
the ligand –DAPK2 complex while the row shows the binding affinity of each ligand from Vina and 

MMGBSA energy from Amber 14 respectively. 
 

Complex Binding Affinity (Kcal/mol) MMGBSA (Kcal/mol) 
DAPK2-BAL -9.9 -26.0 
DAPK2-DA7 -11.7 -47.5 

 
  

 MM/GBSA energy decomposition analysis is performed to figure out which 

residues at the interface have the largest contribution for binding specificity difference 

between DAPK1 and 2, the energy decomposition per-residue were performed on the 

four ligand complexes.  

 Table 4. a-b. shows the residues that contribute most to the binding specificity 

difference between DAPK1 and DAPK2 (cutoff >0.3kcal/mol), when ligands were bound. 

The sum of the energy difference for all of the interface residues between DAPK1 and 2, 

described in Table 4. a-b., is -2.3Kcal/mol for BAL and 3.4Kcal/mol for DA7. (See 

Figure P. and Sup Table 2. a-e., Sup. Table 3. a-e., Sup. Table 4. and Sup. Table 5.).  
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Table 4. a. Residues that contributes most to the binding specificity difference between DAPK1 and 
DAPK2 for BAL, cont. 

 

 
 

Table 4. b. Residues that contributes most to the binding specificity difference between DAPK1 and 
DAPK2, for DA7. 

 

 
 
 In Table 4. a., when BAL was bound to both receptors, Leu 19 and Lys42 has 

the largest absolute value for the energy change.  In Table 4. b., when DA7 was bound to 

both receptors, Lys42 has the largest absolute value of the binding energy difference. To 
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investigate how the total energy difference at the interface residue can be reflected 

structurally, Figure R. 1-4. was plotted.  

 Figure T. 1-4. shows how the interface residues listed in Table 4. a-c. interacts 

with BAL and DA7 respectively. In Figure T. 1-2., Leu19, Val96, and Lys42 interact 

hydrophobically with BAL, as indicated by the pseudobonds colored in light pink. In 

Figure T. 1., looking at the interface residues, Leu19 and Lys42 are the ones whose atoms 

were located closely to BAL. The distance between the oxygen at the carboxyl end of 

Leu19 and O2 of BAL was 2.968Å. The N2 and N3 at the imidazole group of BAL also 

form a short distance between the side chain hydrogen of the Leu19. The distance 

between N2 and side chain hydrogen of HD11 and HB3 were 2.969Å and 2.412Å 

respectively. The distance between N3 and sidechain hydrogen HD11 and HB23 of 

Leu19 were 2.529Å and 2.898Å respectively. Besides Leu19, the side chain nitrogen NZ 

of Lys42 also interacts hydrophobically with H5 of BAL, and forms a distance of 2.283Å. 

In Figure T. 2., Ser 21 of DAPK1 was hydrophobically with BAL. The distance between 

side chain oxygen O19 and C18 and N2 imidazole group of BAL were 2.905Å and 

2.892Å respectively. Based on the information provided in Figure T. 1-2. and energy 

decomposition results, it can be indicated that Ser21, Lys42, Leu19 and Val96 are the 

ones that plays the most important role in the binding specificity change when DAPK1-

specific ligand was bound, due to the interaction between the ligand and the side chain 

atom of residues.  

 In Figure T. 3-4., Leu19, Gly20, Glu100, and Lys42 interacted hydrophobically 

with DA7, as indicated by the pseudobonds colored in light pink. In Figure T. 3., Leu19, 

Gly20 and Lys42 were the two interface residues interacted hydrophobically with DA7. 
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The distance between the residue atoms and the ligand atoms were listed in Table 5. As 

indicated by Table 5, DA7 encountered more constraint than BAL, from the pocket 

residues. In Figure T. 4., when DA7 was bound to DAPK2, Leu19 and Lys42 were the 

two pocket residues interacted hydrophobically with it. The distance between the side 

chain hydrogen HE3 on Lys 42 and C14 and C15 on DA7 is 2.497Å and 2.538Å 

respectively. The side chain oxygen HE3 also interacts with H11 and H12 on DA7, with 

a distance of 3.525Å and 3.614Å respectively. Besides Lys42, the side chain hydrogen of 

Leu19 also interacts with the hydrogen H7 on DA7, with a distance of 3.088Å. Based on 

the information provided in Figure T. 3-4. and energy decomposition results, it can be 

indicated that Leu19, Lys42, Glu100 and Gly20 are the ones that plays the most 

important role in the binding specificity change when DAPK2-specific ligand was bound, 

due to the interaction between the ligand and the side chain atom of residues.  

 
Table 5. shows the closest distances between the residues atoms on Leu19, Gly20 and Lys42 and the ligand 

atoms, with a cutoff < 3.000Å. 
 

Residue Atom Ligand Atom Distance in Å 
Leu19   HD 11 DA7 C28 2.853 
Leu19   HD11 DA7 C29 2.606 
Leu19   HD23 DA7 C30 2.415 
Leu19   HD23 DA7 C25 2.71 
Leu19   HB3 DA7 H13 2.027 

Leu19 O DA7 H15 2.611 
Leu19 O DA7 H13 2.797 
Leu19 O DA7 H11 2.367 
Leu19 C DA7 H11 2.645 
Gly20 N DA7 H11 2.885 

Gly20 CA DA7 H11 2.899 
GLy20 HA3 DA7 H11 2.121 
GLy20 HA3 DA7 H12 2.043 
GLy20 HA3 DA7 C14 2.523 
GLy20 HA3 DA7 C15 2.465 
Lys42 HZ2 DA7 H5 2.184 
Lys42 CE DA7 H5 2.762 
Lys42 NZ DA7 H5 2.833 
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 To look at the complete tables for the energy decomposition data and graphs for 
depiction of ligands at the active pockets of DAPK1 and 2 respectively, please refer to 
the Sup. Table 5 and 6. 

 

 
Figure T. 1. shows the conformation of the ligand bound to DAPK kinase in MD simulation, which was 

DAPK1-BAL, cont. 
 

 
Figure T. 2. shows the conformation of the ligand bound to DAPK kinase in MD simulation, which was 

DAPK2-BAL, cont. 
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Figure T. 3. shows the conformation of the ligand bound to DAPK kinase in MD simulation, which was 

DAPK1-DA7, cont. 
 
 
 

 
Figure T. 4. shows the conformation of the ligand bound to DAPK kinase in MD simulation, which was 

DAPK2-DA7, cont. 
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III. Docking on ELMO1-DOCK2 Complex 

1.Preparation before Virtual Screening   

 
 AutoDock Vina, software designed specifically for virtual screening, is selected 

to perform file conversion and predict the binding affinity during virtual screening. All of 

the ligands used in both rigid and flexible docking processes were downloaded from 

ZINC database [4][5].  The level of exhaustiveness was set to 1 for rigid docking process 

while for flexible docking process it was set to 9. In both rigid docking and flexible 

docking, the number of model was set to 1 and energy range was set to 3.  

2. Docking Inhibitors on ELMO1-DOCK2 Complex at SH3 Pocket 

 
 To get an overview about the types of ligands that have higher binding affinity 

with the SH3 pocket on ELMO1-DOCK2 complex, a subset called Clean Fragment-Like 

Molecules (~16M) was tested in the rigid docking process. The structure of the receptor 

was taken from the PDB ID 3A98 and converted from pdb into pdbqt format by script 

prepare_receptor4.py in Autodock Vina. [52] [7] Then the x, y and z value of center 

coordinates and the magnitudes of length, width and height of a docking cube are 

determined from the coordinates of the pocket residues of located at the SH3 Pocket. 

When the docking process finished, the results from the rigid docking process were top 

~1M ligand candidates were selected to run the flexible docking. See Sup. Figure Q. for 

the flow chart of the docking method. The steps for the flexible docking process were 

similar to the flexible docking process. See Sup. Figure R. for the flow chart of the 

docking method. 

 Figure U. 1-10. shows the top ten ligand-candidates among the top 1M molecules 
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obtained from the previous rigid docking process at SH3 pocket, in flexible docking 

process (Exhaustiveness = 9). These ligand candidates were ranked solely by the binding 

affinity. Compared with the results from the rigid docking process (Sup. Figure T.), only 

the ligand at the 10th place was different. Based on the screening results on SH3 domain, 

it can be indicated that SH3 might not be an ideal pocket for inhibitors to disrupt 

ELMO1-DOCK2 complexes.  
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  1. ZINC22013692    2. ZINC22013688 
(-8.8Kcal/mol, 442.478g/mol)   (-8.6Kcal/mol, 442.478g/mol) 

           
3. ZINC00640220   4. ZINC71257150 
 (-8.6Kcal/mol, 390.354g/mol)   (-8.5Kcal/mol, 392.37g/mol) 

   
5. ZINC71257153    6. ZINC71257152  
(-8.4Kcal/mol, 420.424g/mol)  (-8.4Kcal/mol, 420.424g/mol) 
 

    
7. ZINC11612116    8. ZINC22003706  
(-8.3Kcal/mol, 418.408g/mol)    (-8.3Kcal/mol, 420.424g/mol) 
      

   
9. ZINC22003711   10. ZINC37865607  
 (-8.2Kcal/mol, 420.424g/mol)       (-8.1Kcal/mol, 422.552g/mol) 

 
Figure U. 1-10. Top 10 Ligand Candidates for ELMO1-DOCK2 complex at SH3 pocket in flexible docking, 

with their corresponding ZINC ID (exhaustiveness = 9). These ligands were numbered based on their 
binding affinity. 
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3. Preliminary Screening on ELMO1-DOCK2 Complex at the Helix Pocket  

 
 The Clean Drug-Like subset with Tanimoto coefficient = 0.9 down loaded from 

ZINC [4][5] was used to perform the initial screening on the helix site flexibly. The steps 

for the flexible docking process were similar to the ones mentioned in Step 2. Finally, the 

top 1K molecules with highest binding affinity were selected to perform the ligand-based 

screening on the ~13M Clear-Fragment Like Drugs fragment mentioned in Step 4. See 

Sup. Figure S. for the flow chart of the docking method. For the initial screening results 

at the helix pocket, please refer to Sup. Figure V. 

4. Ligand-Based Screening on the Top 1K Candidates from ~12.3K Clean Drug-

Like Molecules 

 
 Initially, the original *.smi file containing ~13M Clean Drug-Like molecules 

(Tanimoto coefficient level = 100%) were converted to the fast search index format (*.fs). 

Then the top 1K molecules with highest binding affinity, from Step 3, was selected to 

compared with the ~13M molecules saved in the fast-search index file. In this process, 

after removing the duplicate ligand candidates, ~480,202 molecules with Tanimoto 

coefficient >0.6 were extracted and used to perform the next docking steps. See Sup. 

Figure T. for the flow chart of the docking method. 

5. Secondary Screening on ELMO1-DOCK2 Complex at the Helix Pocket  

 
 To search for more ideal ligand candidates for ELMO1-DOCK2 complex, a 

secondary screening was performed on the ~480,202 molecules obtained in Step 4. The 

methods used for this test was similar to the ones described in Step 2. In the end, the 

binding affinity of these ligands were analyzed and ranked, with their corresponding 

ZINC ID extracted. See Sup. Figure U. for the flow chart of the docking method. Figure 
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V. 1-10. and Sup. Figure W. shows the top ten ligand-candidates for ELMO1-DOCK2 

complex at helix pocket during secondary screening, in flexible docking (Exhaustiveness 

= 9). These ligand candidates were ranked solely by the binding affinity, among the 

~480,202 Clean-Fragment Like molecules from Step 4.  

 Based on the screening results that the structures of ligand candidates weren’t 

so similar as the ones binding at the SH3 pocket, a conclusion can be drawn that the 

interface pocket might locate at the six-bundle helix formed by ELMO1-DOCK2.  
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1. ZINC48368120       2. ZINC20698566  
(-8.3Kcal/mol, 482.668g/mol)    (-8.2Kcal/mol, 368.48g/mol)   

                             
     
3. ZINC14463638     4. ZINC66128373  
(-8.1Kcal/mol, 313.4g/mol)   (-8.1Kcal/mol, 338.41g/mol) 

  
5. ZINC20699276     6. ZINC38715363 
(-8.1Kcal/mol, 368.48g/mol)       (-8.0Kcal/mol 369.38g/mol) 

   
7. ZINC38715402     8. ZINC38715378 
(-8.0Kcal/mol, 394.43g/mol)   (-8.0Kcal/mol, 380.35g/mol) 

    
9. ZINC3871538010     10. ZINC14463744 
(-8.0Kcal/mol, 340.426g/mol)   (-8.0Kcal/mol, 384.391g/mol)    
 

Figure V. 1-10. shows the top ten ligand-candidates for ELMO1-DOCK2 complex at helix pocket during 
secondary ligand-based screening, in flexible docking (Exhaustiveness = 9). These ligand candidates were 
ranked solely by the binding affinity, among the ~480,202 Clean-Fragment Like molecules from Step 4.  
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Chapter 3 Discussion 

I. Factors Affecting Binding Specificity of DAPK2 and Future Direction 

 

Structural-based virtual screening was carried out to identify inhibitors for 

DAPK2 specifically using AutoDock Vina, followed by the molecular dynamic 

simulation to test the ligand specificity and MM/GBSA analysis per residue by AMBER. 

Our study shows that based the binding specificity of the DAPK kinase was affected by 

the distance of the atom pairs located on the designated ligand candidate and its nearby 

residues respectively. Leu19, Gly20, Val27, Ser21, Lys42 and Glu100 are found to be the 

residues that contribute most to the binding specificity of DAPK kinase. In Figure.T1 and 

T2, since BAL has more hydrophobic contacts in DAPK1 than in DAPK2, it can be 

concluded that BAL is more specific towards DAPK1. In Figure.T3 and T4, although the 

energy decomposition result shows that DA7 has higher binding affinity and MMGBSA, 

DA7 has more hydrophobic constraint in DAPK1. Depicted from the docking and MD 

simulation results, DA7 might be the most competitive ligand for DAPK2, although the 

molecular weight isn’t quite ideal for drug design. Since the binding pocket for DAPK2 

was designed based on the binding pocket residues for DAPK1, the selected ligand 

candidates might also have more hydrophobic contacts towards the DAPK1 pocket 

residues.   

Since DAPK1 and 2 were structurally similar to each other, sensitivity is an issue 

that should be pay attention. If necessary, a secondary screening needs conducting, with 

the first molecule listed in Figure U. as the reference structure. Besides conducting a 
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secondary screening, structural mutation can also be performed on these two DAPK 

kinases, by changing the position of the residue into the one it supposed to have in 

another structure.  In this way, by using a smaller ligand library, the results obtained from 

the previous screening process can be examined to see if they were the true ligands for 

DAPK2 with high specificity. Finally, the virtual screening method nowadays depends 

deeply on the class of compound activities. To reduce the side effects caused by the 

rejection of candidates with a certain method, different methods should also be applied at 

the same time during the consensus scoring schemes.  

II. Factors Affecting Inhibitors Bindng to ELMO1-DOCK2 Complex and Future 

Direction 

 
Structural-based virtual screening was carried out to identify inhibitors for 

ELMO1－DOCK2 complex specifically via structural-based virtual screening. Our study 

shows several residues were related to the binding interactions between the ligands and 

the ELMO1-DOCK2 complex at the SH3 domain and five-bundle helices as well.  

At the pocket between SH3 binding domain and the Pxxp domain, the hydrogen at 

hydroxyl side chain of Ser 22 form a hydrogen bond with the O1 at carbonyl group of 

ZINC22013692 displayed in Figure W. The hydrogen bond distance is also labeled in 

Figure W, which is measured to be 3.534Å. In addition, several pseudo bonds were also 

detected between the ligand and the residues at or near the binding pockets, which were 

ser22, Pro711, Pro712, ILE 713, and Pro 714 at the Pxxp domain.  
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Figure W. shows the interactions occurred between ZINC22013692 and its nearby residues. Hydrogen 

bond between the hydrogen at hydroxyl side chain of Ser22 (in rosy brown) and the O1 at carbonyl group 
of ligand 1 (in pink) was colored in black, with the distance displayed. In addition, pseudo-bonds (in orange) 
were also detected between the ligand and the residues near or at the binding pocket, coloring in rosy pink 

as well. 
 
 

At the five-bundle helices pocket, the hydrogen attached to the nitrogen of indole 

sidechain of Trp96 forms a hydrogen bond with the carbonyl oxygen of ZINC48368120 

displayed in Figure X. The hydrogen bond distance is also labeled in Figure I., which is 

measured to be 3.174Å. In Figure Y., several pseudo bonds were also detected between 

the ligand and the residues at or near the binding pocket, which were Trp96, Glu693, 

Leu696 and Leu699.  
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Figure X. shows the interactions occurred between the ZINC48368120 and its nearby residues. Hydrogen 

bond between the hydrogen attached to the indole nitrogen of Trp96 (in dark magenta) and the O2 at 
carbonyl group of ZINC48368120 (in pink) was colored in black, with the distance displayed. 

 
 

Figure Y Pseudo-bonds (in dark orange) were also detected between ZINC48368120 (in light pink) and its 
nearby residues (backbone in magenta and sidechain in light green), which were Leu699, Leu696, and 

Glu693. 
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During the process of fingerprint screening, the top 1,0000 ligands from the Clean 

Drug-Like subset were compared with the Clear-Fragment Like Drugs. Since the number 

of reference molecules used is limited, the fingerprint screening method is dependent 

heavily on how similar the ligands are to the referenced structure, regardless of their 

unique characteristic. As a result, some potential candidates might be rejected. To 

minimize the loss of attractive candidates, a consensus-scoring scheme can be applied via 

the usage of multiple screening methods at the same time. [24] 

At the SH3 binding domain, the structural studies show that Ser22, Pro711, 

Pro712, ILE 713, and Pro714 at the Pxxp domain interacts with the ligand via the 

formation of hydrogen bonds or some other steric interactions at the side chains. 

According to the results from the previous research, ELMO1 bound to DOCK2 via the 

proline residues on the Pxxp domain. In this way, the ELMO1-DOCK2 protein complex 

is formed in a rigid and large fashion.  

At the five-bundle helices, the result of the structural analysis shows that Glu693, 

Leu696, and Trp96 at the helices of ELMO1 interacts with the ligand via the formation of 

hydrogen bonds or some other steric interactions at the side chains. According to the 

results from the previous research, Trp96 and Glu694 were two of the residues at 

DOCK2 interact with the Leu696 and Leu699 at ELMO1. The formation of the ligand 

can in a way disrupts the hydrophilic interactions between ELMO1 and DOCK2 and thus 

prevents the formation of the complex.  

For the selection of ligands, experimental binding assay will be conducted to find 

out the best candidates for drug design. In addition, some structural analysis will also be 
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carried out to determine which binding pocket is the ultimate one for the disruption of the 

ELMO1-DOCK2 complex. 
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Chapter 4 Conclusion 

 
 Death associated protein kinase 2 (DAPK2) is a serine threonine kinase with 370 

amino acid residues, whose structure is highly conserved with the other members in the 

death associated protein kinase (DAPK) family. Although the structures of DAPK1 and 2 

are highly similar to each other, currently few studies regarding the drug design of 

DAPK2 has been conducted.  To find out the drug candidates with high specificity to 

DAPK2, structural-based virtual screening was carried out. Based on the structural and 

sequence alignment results between DAPK1 and 2, a virtual screening protocol was 

developed including the rigid docking and flexible docking on the identified DAPK2 

binding site, the construction of ligand clusters based on their Tanimoto coefficient.  

Furthermore, based on their binding score in DAPK1 and 2 respectively, BAL and DA7 

were the two candidates selected to analyze which residues could cause the binding 

specificity difference between DAPK2 and DAPK1. According to the results of docking, 

ligand clustering, MM/GBSA analysis and position of ligands in the DAPK2 binding 

pocket, it can be concluded that DA7, whose binding affinity and MM/GBSA score are -

11.7 Kcal/mol and -47.5 Kcal/mol respectively, is the most ideal candidate so far for 

DAPK2.  

Engulfment and cell motility 1 protein (ELMO1) is a human protein regulated by 

ELMO1 gene, with 720 residues in total. It plays an important role in clearing the 

apoptotic germ cells in vivo.  Dedicator of cytokinesis 2 (DOCK2) is a guanine 

nucleotide exchange factor with a mass of 213 kDa, which is responsible for the 

activation of the chemotaxis process. When interacting with each other, DOCK2 and 

ELMO1 forms a large, rigid complex via the SH3 domain at DOCK2 or the formation of 
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the five-bundle helices by ELMO1 and DOCK2. To identify the potent drug candidates 

that interrupt the formation of the ELMO1-DOCK2 complex, both structural- and ligand- 

based virtual screening were carried out at the two potential binding pockets: one is 

located at the SH3 domain of DOCK2 and the other is located between the 5-helix 

bundles. From the rigid and flexible docking results, ZINC22013692 and ZINC48368120 

were candidates with the highest binding affinity for the pocket at the SH3 domain and 5-

helix bundles respectively. For the pocket at SH3 domain, Ser22, Pro711, Pro712, ILE 

713, and Pro714 at the Pxxp domain were found to interact with the ligand via the 

formation of hydrogen bonds or some other steric interactions at the side chains. For the 

pocket at the 5-helix bundles, Glu693, Leu696, and Trp96 at the helices of ELMO1 were 

found to interact with the ligand and thus the ligand candidate can disrupt the hydrophilic 

interactions between ELMO1 and DOCK2 to prevent the formation of the complex. 

 These two case studies provide a general notion for the combination of structural-

based screening, ligand-based screening and MM/GBSA energy analysis in drug design, 

which can be a milestone on the future drug design of DAPK receptors.   
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Supplementary Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sup. Figure A. shows the structure of the mDAPK2. The catalytic region is colored in sandy brown, a 
CAM binding domain (not shown, only the calcium ion is displayed in green), the autoinhibitory region is 
colored in orange red and the residues marking as the beginning and end of the catalytic domain (T.3 and 

T.276) are colored in cyan. 
 

 
Sup. Figure B. shows the salt bridge between E64 and K42 (in light grey) at the active site of DAPK2, with 

the distance between side chain oxygen of E64 and nitrogen of K42 labeled
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Sup. Figure C. shows the catalytic region (residue 3-274, in tan), autoinhibitory region of DAPK2 

consisting of a linker region (residue 277-291, in aquamarine,) and the autoinhibitory helix αR1 (residue 
292-301,in gray). 

 

Sup. Figure D. 1. shows the structure of basic loop (in blue) and the basic residue Arg47, Arg50, and Arg53 
(in green), between helices αG (in orange) and αR1 (in red).  

Sup. Figure D. 2. displays the structure of the p-loop in DAPK1 (in blue), located between the basic loop 
(in orange red), and the activation loop (in green). 
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M1. 84% inhibition at 10µM for   M2. 91% inhibition at 10µM for 
 inhibition at 10µM DAPK1   for DAPK1 and 100% inhibition for  
and 71% inhibition at 10µM    for DAPK3 
for DAPK3  
Sup. Figure E. shows the structures of M1 and M2, which are the most potent inhibitors for DAPK1 and 3 

respectively. 
 
 

 
Sup. Figure F. shows the structure of the active site for M3 (cyan) binding to DAPK1 at the active site, 

along with the pocket residues (magenta) around the ligand. 
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Sup. Figure G. Top 10 ligand-candidates for Rigid Docking at DAPK2 (exhaustiveness=1). All of the 

ligands were ranked based on their binding affinity, numbered from 1 to 10. 
 

 

 

            
1.ZINC72438491 (-12.0Kcal/mol)    2.ZINC32983948 (-11.9Kcal/mol)    

 
3. ZINC22007970 (-11.9Kcal/mol)        4.ZINC49442684 (-11.8Kcal/mol)                  

   
5.ZINC15730186(-11.8Kcal/mol)       6.ZINC32721460(-11.7Kcal/mol)    
 

 
7.ZINC14549309 (-11.7Kcal/mol)    8.ZINC32983502 (-11.7Kcal/mol)    

  
9.ZINC21152557 (-11.7Kcal/mol)  10.ZINC72438494 (-11.7Kcal/mol) 
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Sup. Figure H. shows the top 10 ligand-candidates for DAPK1 in flexible docking. These ligands were 

numbered and ranked based on the binding affinity only, with exhaustiveness=9. As indicated by Figure D., 
all of the ligand candidates produced by flexible docking is larger than 350g/mol. Based on their binding 
affinity difference produced by DAPK1 and 2, ZINC00988780 was selected to perform MD simulation 

described in the next section. 
 
 
 

 
 

             
1.ZINC05015110    2.ZINC00626857 
(-13.3Kcal/mol,480.428g/mol)   (-12.5Kcal/mol, 429.435g/mol)    
        

       
3.ZINC24527931    4. ZINC22013692  
(-12.5Kcal/mol,493.542g/mol)   (-12.4Kcal/mol,442.478g/mol)      
        

 
5.ZINC00988780    6.ZINC05330647 
 (-12.3Kcal/mol,415.408g/mol)        (-12.3Kcal/mol,367.408g/mol) 
 

                
7.ZINC14475557    8.ZINC14475559 
(-12.3Kcal/mol,394.518g/mol)   (-12.3Kcal/mol, 394.518g/mol)      

                 
9.ZINC22007970    10.ZINC71257152  
(-12.3Kcal/mol, 440.502 g/mol)      (-12.3Kcal/mol, 420.424 g/mol) 
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Sup. Table 1. shows ligand-based screening results for the top 1,000-ligand candidates for DAPK2. The 
Cluster# column stands for highest rank of the ligand in each cluster and ZINC ID column stands for the 

ZINC ID of the ligands in each numbered cluster. In the ZINC ID column, the ZINC ID colored in orange 
is the ligand with highest binding affinity which is also the one that serve as the reference molecule in their 

corresponding cluster. In this table, four clusters with the largest number of candidates were included, 
which were selected from 731 unique clusters constructed from R. Based on the screening results, it can be 
indicated that the structures of the top 1,000 ligands were not highly similar to each other.  However, since 

the molecular weight of these top 1,000 ligand candidates were all larger than 380g/mol, the ligand 
candidates were filtered again, according to their molecular weight. 

Cluster # ZINC ID 
64 ZINC09293407, ZINC35103583, 

ZINC09282744, ZINC09282657, 
ZINC09282661, ZINC09309355, 
ZINC33516805, ZINC09309697, 
ZINC04090333, ZINC33725605, 
ZINC09235851, ZINC09309613, 
ZINC09293469, ZINC02425080, 
ZINC09232956, ZINC33600171, 
ZINC09292086 

122 ZINC72472326, ZINC72472332, 
ZINC72472312, ZINC72472331, 
ZINC72472314, ZINC72472310, 
ZINC72472316, ZINC72472322, 
ZINC72472313, ZINC72472311, 
ZINC72472315, ZINC72472318, 
ZINC72472321 

29 ZINC72461073, ZINC72461075, 
ZINC72461079, ZINC72461074, 
ZINC72461071, ZINC72461072, 
ZINC72461077, ZINC72461083, 
ZINC72461076, ZINC72461078, 
ZINC72461070 

78 ZINC72472410, ZINC72472586, 
ZINC72472411, ZINC72472412, 
ZINC72472587 
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(1) 

 

(2) 

 
Sup. Figure I. 1-2. shows the RMSD vs. Time plot for each selected ligand bound to DAPK1 and 2 

respectively. 
Sup. Figure I. 1. RMSD vs. Time for BAL bound to DAPK1 and 2 respectively.  
Sup. Figure I. 2. RMSD vs. Time for DA7 bound to DAPK1 and 2 respectively. 
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Sup. Table 2. a. shows the energy difference per residue between DAPK1 and 2 for BAL, of total energy, 

cont. 

 
 

Sup. Table 2. b. shows the energy difference per residue between DAPK1 and 2 for BAL, of VDW 
interaction, cont. 
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Sup. Table 2. c. shows the energy difference per residue between DAPK1 and 2 for BAL, of electrostatic 
interaction, cont. 

 
 
 

Sup. Table 2. d. shows the energy difference per residue between DAPK1 and 2 for BAL, of polar 
solvation, cont. 
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Sup. Table 2. e. shows the energy difference per residue between DAPK1 and 2 for BAL, of non-polar 
solvation. 

 
 

 
Sup. Table 3. a. shows the energy difference per residue between DAPK1 and 2 for DA7, of total energy, 

cont. 
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Sup. Table 3. b. shows the energy difference per residue between DAPK1 and 2 for DA7, of VDW 
interaction, cont. 

 

 
Sup. Table 3. c. shows the energy difference per residue between DAPK1 and 2 for DA7, of electrostatic 

interaction, cont. 
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Sup. Table 3. d. shows the energy difference per residue between DAPK1 and 2 for DA7, of polar solvation, 
cont. 

 

 
Sup. Table 3. e. shows the energy difference per residue between DAPK1 and 2 for DA7, of non-polar 

solvation, cont. 
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Sup. Table 4. shows the complete form shows the complete form for the total energy difference between 
DAPK1 and 2 when bound to BAL and DA7 respectively. 
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Sup. Table 5. is the complete table for energy decomposition data. 
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(1) 

 

(2) 

 
 

(3) 

 
 

Sup. Figure J. 1-3. shows the flow chart for the following: 
Sup. Figure J. 1. Docking process of DAPK2 
Sup. Figure J. 2. Ligand similarity analysis of flexible docking results for DAPK2 
Sup. Figure J. 3. MD simulation method for the four DAPK-ligand complexes.  

Rigid docking and Top 1M Candidates  Selected for Flexible Docking

Center Coordinates and Size of Docking Cubes Determined

Ligands and Receptor Converted into pdbqt

17,900,742 “Drug-like” Ligands Downloaded from ZINC[96]

Hierarchical Clustering Results Divided into 731 Clusters using the TC > 0.9

Distance Matrix Clustered via the Complete Linkage Hierarchical Clustering

TC Matrix Converted into Distance Matrix

Tanimoto Coefficient (TC) for 1000X1000 Pairs of Ligands 

the RMSD of the Six Ligand-Receptor Complexes + MM/GBSA Binding Energy and 
Energy Decomposition Analysis 

a 16-Stage Production Performed at 300K over 250,000 Steps

The Minimized Complexes Slowly Heated up from 10K to 300K

4-stage Minimization under the ff03 Force Field

the Topology and Parameter Files of the Six Ligand-Receptor Complexes Generated via 
Amber 15

Partial Charges Assigned to BAL and DA7 by Gaussian 09 (G09)
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Sup. Figure K. shows the overview of Pxxp-motif of ELMO1 and SH3 domain of DOCK2. Pro 

707,710,711,712,714 and 717 are colored in purple. SH3 domain of DOCK2 is colored in green; Trp 44 
and Lys715 are colored in violet red and sandy brown respectively. NE1 of Trp44 at the SH3 domain bonds 

hydrophobically with CG of Pro714 and CD of Pro716 at Pxxp-motif with a distance of 3.571Å, 3.764 Å 
respectively. In addition, NE1 of Trp44 forms hydrogen bonds with the backbone oxygen located at the 

Lys715 of ELMO1 with a distance of 2.777 Å. 
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Sup. Figure L. shows the five-bundle helices formed by ELMO1 (yellow) and DOCK2 (green). 
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Sup. Figure M. Overview of the hydrophobic interactions formed between in the five-bundle helices. Leu 
95, Trp96, Trp 102, Val 107, Phe 114, Met 121 (in rosy brown) and Met 125 at DOCK2 interact with the 

Ile 544, Leu 547, Ile 548, Leu 681, Leu 689, Met 692 Leu 696, and Leu 699 (in plum) at ELMO1. 
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Sup. Figure N. Overview of the hydrophilic interactions formed between in the five-bundle helices. 
The side chain of Lys103, Tyr 106 and Arg 128 of ELMO1 form hydrogen bond with the side chain of 
Glu693, Arg 685 and Leu 699 of DOCK2 respectively, with a distance of with a distance of 2.937Å, 

2.806Å, and 3.140 Å respectively. 
 

 
Sup. Figure O. Overview of LIGSITEcsc Algorithm adapted from Huang and Michael et.al [74]. 
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Sup. Figure P. Overview of solvent accessible surface based on Yi.et al. [75] 
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Sup. Figure Q. shows the flow chart for the docking method used in Step 2. 

10 Leading Ligands 

Result Analysis via Shell and Python scripts

Rigid and Flexible Docking

Search Volume Placed on the pocket

Receptor and Ligand Converted into *.pdbqt

~16M Molecules Downloded from ZINC 
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Sup. Figure R. shows the flow chart for the docking method used in Step 3. 

 

10 Leading Ligands 

Flexible Docking

~12.3K Drug-like Molecules from ZINC
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Sup. Figure S. shows the flow chart for the docking method used in Steps 4 and 5. 

 
 
 
 
 
 
 

10 Leading Ligands 

~480202 Molecules Selected for Secondary Screening via Flexible Docking

Fingerprint Screening by Top 1K Molecules from Flexible Docking of ~12.3K Drug-like 
Molecules from ZINC

~13M Clean Drug-Like Molecules in *.smi Format Converted to *.fs
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1. ZINC22013692    2. ZINC22013688 
(-8.8Kcal/mol, 442.478g/mol)   (-8.6Kcal/mol, 442.478g/mol) 

 
3.ZINC00640220    4. ZINC71257150 
(-8.6Kcal/mol, 390.354g/mol)   (-8.5Kcal/mol, 392.37g/mol) 

         
5.ZINC71257153        6.ZINC71257152 
(-8.4Kcal/mol, 420.424g/mol)      (-8.4Kcal/mol, 420.424g/mol)  
 

   
7.ZINC11612116    8.ZINC22003706 
(-8.3Kcal/mol, 418.408g/mol)  (-8.3Kcal/mol, 420.424g/mol) 

       
9.ZINC22003711    10. ZINC37865607 
(-8.2Kcal/mol, 420.424g/mol)   (-8.1Kcal/mol, 358.421g/mol) 
 

Sup. Figure T. shows the top 10-ligand candidates for ELMO1-DOCK2 complex at SH3 Pocket in rigid 
docking, with their corresponding ZINC ID (exhaustiveness = 1). These ligands were numbered based on 

their binding affinity. 
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  1. ZINC22013692    2. ZINC22013688 
(-8.8Kcal/mol, 442.478g/mol)   (-8.6Kcal/mol, 442.478g/mol) 

           
3.ZINC00640220    4. ZINC71257150 
 (-8.6Kcal/mol, 390.354g/mol)   (-8.5Kcal/mol, 392.37g/mol) 

   
5.ZINC71257153    6.ZINC71257152  
(-8.4Kcal/mol, 420.424g/mol)  (-8.4Kcal/mol, 420.424g/mol) 
 

    
7.ZINC11612116    8.ZINC22003706  
(-8.3Kcal/mol, 418.408g/mol)    (-8.3Kcal/mol, 420.424g/mol) 
      

   
9.ZINC22003711    10. ZINC37865607  
 (-8.2Kcal/mol, 420.424g/mol)       (-8.1Kcal/mol, 422.552g/mol) 
 

Sup. Figure U. Top 10 Ligand Candidates for ELMO1-DOCK2 complex at SH3 Pocket in Flexible 
Docking, with their corresponding ZINC ID (exhaustiveness = 9). These ligands were numbered based on 

their binding affinity. Continue.  
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1.ZINC16947599     2.ZINC01618286  
(-7.0Kcal/mol, 222.223g/mol)    (-7.0Kcal/mol, 224.259g/mol) 

     
3.ZINC05777952     4.ZINC03124423  
(-6.9Kcal/mol, 220.231g/mol)   (-6.8Kcal/mol, 202.256g/mol) 

                              
5.ZINC68565001     6.ZINC71404348  
(-6.8Kcal/mol, 204.272g/mol)   (-6.8Kcal/mol, 219.287g/mol) 
      

     
7.ZINC16954355     8.ZINC00405763  
(-6.7Kcal/mol, 220.271g/mol)           (-6.7Kcal/mol, 222.223g/mol) 

                                                
9.ZINC01720161     10.ZINC15043023  
(-6.7Kcal/mol, 204.272g/mol)   (-6.6Kcal/mol, 221.243g/mol) 
 

Sup. Figure V. Top 10 Ligand Candidates for ELMO1-DOCK2 at helix pocket based on their binding 
affinity, with its corresponding ZINC ID, among the ~12.3K Clean Drug-Like Molecules with Tanimoto 
coefficient = 0.9. These ligands were numbered based on their binding affinity. Since the binding affinity 
wasn’t ideal enough to function, as the inhibitors for ELMO1-DOCK2 complex, a secondary ligand-based 

screening was conducted. 
 
 



 

 

100

 

 
 

   
1.ZINC48368120       2. ZINC20698566  
(-8.3Kcal/mol, 482.668g/mol)    (-8.2Kcal/mol, 368.48g/mol)   

                             
     
3.ZINC14463638     4.ZINC66128373  
(-8.1Kcal/mol, 313.4g/mol)   (-8.1Kcal/mol, 338.41g/mol) 

  
5.ZINC20699276     6.ZINC38715363 
(-8.1Kcal/mol, 368.48g/mol)       (-8.0Kcal/mol 369.38g/mol) 

   
7.ZINC38715402     8.ZINC38715378 
(-8.0Kcal/mol, 394.43g/mol)   (-8.0Kcal/mol , 380.35g/mol) 

    
9.ZINC3871538010     10.ZINC14463744 
(-8.0Kcal/mol, 340.426g/mol)   (-8.0Kcal/mol, 384.391g/mol)   
   

Sup. Figure W. shows the top ten ligand-candidates for ELMO1-DOCK2 complex at helix pocket during 
secondary ligand-based screening, in flexible docking (Exhaustiveness = 9). These ligand candidates were 
ranked solely by the binding affinity, among the ~480,202 Clean-Fragment Like molecules from Step 5. 




